Abstract. This paper utilizes the micro computerized tomography (micro-CT) as the NDI technique to characterize the initial matrix delaminations locations and sizes in an aramid/glass fiber reinforced hybrid composite test specimen after a low velocity impact tests. Further, to visualize the localized low velocity impact damage volumes; based on the specimen's micro-CT results; image analysis, geometric modeling and meshing softwares CtAn and CtVox were used. Finally, interpretation of damage mechanisms occurred in aramid/glass fiber reinforced hybrid composite after low velocity impact loading presented with accurate 3-D rendered models obtained from a series of micro-CT slices. 3-D rendered models gained from impacted specimens help to quantify the internal microscopic damage modes of complex material system such as aramid/glass fiber reinforced hybrid composite. It is very important to predict or determine composite materials response to an impact loading since impacts occur during manufacture, normal operations, maintenance, etc. After low velocity impact loading tests, investigation of damage zone will provide a better composite manufacturing process. For example, it is acknowledged that up to 80% of the cost of manufacture of a composite is fixed once the preliminary configuration had been finalised. Further detail changes afterwards can only make a small impact on the final cost of the manufacturing process.
Introduction
Fiber reinforced resin-matrix composites are among the most outstanding engineering materials available nowadays. Aramid/glass fiber reinforced hybrid composites are commonly used as lightweight materials in a wide variety of marine applications including sporting equipment as well as military structures. However, the shortcoming of glass-reinforced plastics along with other fibrereinforced polymer laminates is that their mechanical properties in the translaminar (through thickness) direction are relatively low [1] . Owing to the weak bonds between the plies, even small energies imparted by low velocity impacts can result in damage, which, although hardly detectable, causes considerable strength losses in tension and, especially, in compression [2, 3, 4, 5] .
In the absence of epoxy matrix, Kevlar fibres exhibit very high impact resistance in terms of maximum force and energy dissipation. The impact resistance of two-ply laminates: Kevlar/Kevlar/epoxy and hybrid carbon/Kevlar/epoxy was not improved when compared with brittle carbon/ carbon/epoxy laminate [6] .
Composites, nevertheless, also have unique and complex failure characteristics. Fiber and/or matrix breakage, fiber debonding and delaminations are common events not found on monolithic materials, and that can precede the ultimate failure of a composite [7, 8] .
Micro computed tomography (micro-CT) can be used to reconstruct interior structural details with a high resolution on a scale of interest for damage evaluation. It is also gaining popularity as a technique for NDT of materials and components, in many cases through conversion of conventional radiography instrumentation. Most micro-CT studies in the literature have been carried out using specialized one-of-a-kind instruments, often located at synchrotron radiation laboratories. As a consequence, the application of micro-CT has been relatively limited, with measurements largely dependent on scientists with expertise in X-ray techniques and instrumentation. The recent appearance of several commercial micro-CT systems on the market makes micro-CT more accessible for laboratory testing. Such instruments offer the potential for the widespread use of micro-CT by engineers as a tool for characterization of damage in composite materials.
Micro-computed tomography has been originally used for biomedical purposes [9] . In the past, destructive methods like serial sectioning has been used to determine the fabric structure. Micro-CT is an alternate approach to image and quantify GFRP in 3D. It is also used for the 3D characterization of paper, board and felt and polymeric fabrics used in paper manufacturing [10, 11, 12] . In these studies the porosity, specific surface area, pore size distribution and tortuosity of paper or its reinforcing materials were investigated. In these studies the porosity, specific surface area, pore size distribution and tortuosity of paper or its reinforcing materials were investigated.
Lomov [13] , Delerue [14] , Cornelis [15] and Vodolan [16] have also used the micro-CT for investigations of composites. Cornelis investigated carbon fibres reinforced polymers and metals. He determined the fibre arrangement and the fibre and matrix distribution. Lomov used the micro-CT to get the dimensions of the rovings and the spaces between them to generate geometrical models of the 3D textiles using WiseTex software. These models serve as input for simulation of permeability and meso-mechanical properties determination. Delerue acquires the pore network geometry of a reinforcement to model its permeability. Vodolan developed some methods to get automatically information of the yarn centre structure, textile layer position or yarn shape estimation from micro-CT images.
Materials and methods
The tested material is a aramid/glass fibre reinforced hybrid polyester matrix composite produced by TeknoMa in one stacking sequence namely [0/90]s. The volume fraction is approximately 60% in fibres. (0/90)s oriented cross-ply aramid+glass/polyester laminated composites of 5 mm nominal thickness are used for low velocity drop weight impact testing. The cross-ply laminated specimens are prepared by cutting out 100 mm x 100 mm.
Low velocity drop weight impact tests were performed according to ASTM D 7136 standard which determines the damage resistance of multidirectional polymer matrix composite laminated plates subjected to a drop-weight impact. Instron Dynatup 9250 HV impact test machine was used in experiments which have an impactor with a total mass of 10.02336 kg with a hemispherical radius of 10 mm. The maximum falling height of the testing machine is 2 m. The drop-weight apparatus was equipped with a motorized lifting track. Data were stored in Impulse Data Acquisition software after each impact and the impactor was returned to its original starting energy. The square composite specimens in dimensions of 100 x 100 x 5 mm were clamped with a 40 mm inner diameter, and fixed to a rigid base to prevent slippage of the specimen. The clamping system was designed to provide a uniform pressure all over the clamping area. A rebound catcher is adopted the test device for catching the impactor on a stop during its second decent.
Micro-CT scans were taken from SkyScan 1173 system includes a newly developed 130kV micro focus X-ray source with improved stability of focal spot position, a large format (>5Mp) flat panel sensor with special protection by lead-glass fiber-optic window for long lifetime under high-energy X-ray, a precision object manipulator for large (up to 150mm) and heavy (several kg) objects with embedded micro positioning stage.
Results and discussion
X-ray micro-CT complements the use of X-ray radiography by imaging detailed cross-sectional views of the specimens, thereby resolving through-thickness delamination and matrix cracks. Micro-CT is a three dimensional imaging technique which is used non-destructively to inspect the inner structure of an object by transmission measurements using X-rays. A large number of projection images are obtained by rotating the sample.
For investigation of internal damage occurred in aramid/glass fibre reinforced hybrid polyester matrix composite after low velocity impact, SkyScan 1173 high-energy micro-CT images were taken as slices. In Figure 1 the mid-point micro-CT image of impacted composite is seen. Damage cone geometry and delaminations between laminates can be seen clearly. Damage cone geometry and settlement gave a lot of information about effect of low velocity impact loading. While in other non-destructive techniques used in composites, its hard to measure the failure regions clearly, micro-CT scans can give exact mesurements of failure regions involved. Prior knowledge of impact damage in composite materials imparts that when impact energy threshold is above a critical level, matrix cracks are generated by shear or tensile flexural stresses around the indentation area develop mainly in the intermediate and back face layers. Matrix cracks are then followed by interface delaminations growing from the crack tips; delaminations occur between plies of different orientations and are elongated along the fibre direction of the lower layer at interface, with the largest delaminations developing between layers with the highest orientation mismatch. Global deformation regions of aramid/glass fibre reinforced hybrid polyester matrix composite after low velocity impact was was rendered from micro-CT image slices and with the help of visualization program CtVox, 3D reconstructed volume images of the impacted specimen were gained as seen in Figure 2 . Figure 3 shows the scanning process of impacted composites with micro-CT. Each cross sectional slice was taken from the adjacent slices 1.5 mm apart from each other. As shown in Figure 4 , inner damage map appearance of composite specimen is changing according to the distance to the impact point. Maximum deflection value was occurred in the back point of specimen where in front, it corresponds to the contact point of the impact nose. A conical damage volume can also be seen in slices due to low velocity impact loading. 
Conclusions
This study experimentally investigates the impact damage characteristics of aramid/glass fibre reinforced hybrid polyester matrix composite after low velocity impact by the use of X-ray microcomputed tomography (micro-CT). Micro-CT is used to observe cross-sectional views showing detailed through-thickness matrix cracks distribution and 3D delamination damage pattern. The three-dimensional nature of damage onset and growth has been observed, allowing the extent of intra-lamina damage to be quantified with a confidence not possible using conventional 2-D imaging methods. These results demonstrate that X-ray micro-CT can facilitate characterization of the internal geometry of flaws, including micro-cracking, in fiber-reinforced polymer laminates. Micro-CT is a very powerful tool for micro-structural characterization at high and medium resolution. The 3D tools are now becoming available and the quantitative image analysis is thus facilitated. Furthermore in experiments (mechanical testing, production) are now possible on many devices and composites to identify the physical phenomenon with detail. Finally the coupling between tomography data and 3D simulation will certainly develop in the future, as well as the submicron resolution set-ups.
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